ABSTRACT A kinetic analysis of poly(U)-dependent poly(Phe) synthesis with ["4C] was observed after translocation when an aminoacyl-tRNA was bound to the A site. Thus, deacylated tRNA is not released from the P site but is translocated to the E site, which therefore must be located "upstream" adjacent to the P site. Furthermore, the trigger for the release of deacylated tRNA from the E site is the binding of aminoacyl-tRNA to the A site.
that, in the course of efficient poly(Phe) synthesis, two tRNAs are present per 70S ribosome at all times, although at least 70% of the poly(Phe)-tRNAPhe is found at the peptidyl-tRNA (P) site. Together with our recent observation of a third tRNA-binding site on Escherichia coli ribosomes, these findings suggest a model for the peptide elongation cycle in which two tRNA molecules are present on the ribosome at both the pre-and the post-translocational state. This model predicts that deacylated tRNA is not released from the P site but translocated to the exit (E) site before release occurs. A series of translocation experiments with deacylated [l4C]tRNAPhe at the P site and oligo([3H]Phe)-tRNA at the aminoacyl-tRNA (A) site proved that efficient elongation factor Gdependent translocation is not accompanied by a corresponding
[l4C]tRNAPhe release. However, significant [14C]tRNAPhe release was observed after translocation when an aminoacyl-tRNA was bound to the A site. Thus, deacylated tRNA is not released from the P site but is translocated to the E site, which therefore must be located "upstream" adjacent to the P site. Furthermore, the trigger for the release of deacylated tRNA from the E site is the binding of aminoacyl-tRNA to the A site.
In addition to the well-characterized aminoacyl-tRNA (A) and peptidyl-tRNA (P) sites, the Escherichia coli ribosome carries a third tRNA-binding site, the exit (E) site, which binds exclusively deacylated tRNA, depending on the codon present (1, 2) . The existence of this third binding site has been questioned by Schmitt et al. (3) , using an ultracentrifugation technique for the analysis of tRNA binding to ribosomes. However, recently our results were confirmed by Grajevskaja et al. (4) , using an ultracentrifugation technique similar to that used in ref. 3. The detection of the third tRNA-binding site and the analysis of the binding capabilities of the tRNA-binding sites imply that the ribosome is not a rigid frame with two tRNA-binding sites, to which all different kinds of tRNA bind in the course of the ribosomal peptide elongation cycle. In contrast, the three tRNAbinding sites discriminate between various tRNAs depending on their charging status: Deacylated tRNA binds to all three sites, aminoacylated tRNA binds to the A and P sites, and peptidyl-tRNA binds to only one site, which can be either the A or the P site (exclusion principle; ref. 2) .
In this paper we probe an alternative model for the elongation cycle, characterized by the following main features: (i) two tRNAs are present on the ribosome at both the pre-and the post-translocational state; (ii) the E site is located adjacent to the P site towards the 5' end of mRNA ("upstream"); (iii) deacylated tRNA is released not from the P site but from the E site; (iv) the trigger for tRNA release from the E site is the binding of aminoacyl-tRNA to the A site.
MATERIALS AND METHODS
Tightly coupled 70S ribosomes were isolated from E. coli K-12 cells (strain D10) as described (1) . One A20 unit of 70S ribosomes was assumed to be equivalent to 24 pmol. More The specific activity of phenylalanine was adjusted with nonlabeled phenylalanine according to the particular purpose of each experiment. Therefore, the actual specific activity is given in each experiment as cpm/pmol, which includes the instrumental efficiency. tRNAPhe was purchased from Boehringer Mannheim.
[14C]tRNAPhe was labeled as described (2) . The preparation of Phe-tRNAPhe and Ac-Phe-tRNA Phe and the isolation of elongation factor G (EF-G) were as described (5).
Purification of Acylated tRNAPhe. Phe-tRNAPhe and Ac-PhetRNAPhe were freed from deacylated tRNA by benzoylated DEAE-cellulose chromatography (6) . The preparations usually contained less than 10% deacylated tRNA.
Poly(U)-Dependent Poly(Phe) Synthesis. The ionic conditions and compound concentrations were as described (5) . In a total volume of 2 ml, 17 A260 units of 70S ribosomes were incubated with a 10-fold molar excess of [l4C]tRNAPhe and a 100-fold molar excess of [3H]phenylalanine, the actual specific activities being 50 and 817 cpm/pmol, respectively. Optimal amounts of S-150 enzymes freed from tRNA (5) were added. The incubation temperature was 30°C, and, at the times indicated, two 80-,ul aliquots were withdrawn, and each was diluted with 2 ml of binding buffer (50 mM Tris HCI, pH 7.5/15 mM magnesium acetate/160 mM NH4CI/5 mM 2-mercaptoethanol) and filtered through nitrocellulose filters. The filters were burnt in a Packard sample oxidizer, and the two isotopes were collected separately. The 2-ml filtrate was collected and mixed with 2 ml of ice-cold 14% (wt/vol) trichloroacetic acid, and the mixture was again filtered through nitrocellulose filters and processed as described above. This control measurement revealed a pool of two molecules of deacylated ['4C]tRNA per ribosome, or about four molecules of [14C]tRNA per inactive ribosome (assuming 50% inactive ribosomes; see text). In addition, two 80-,ul aliquots were withdrawn at 0.5, 5, and 30 min. One aliquot was mixed with 10 ,ul of binding buffer, the second one with binding buffer containing puromycin (4.6 mg/ml). After 180 min at 0°C the samples were layered on a sucrose gradient (10-30% in binding buffer) and centrifuged at 257,000 X g and 0°C for 75 min in a Beckman SW 60 rotor. The absorption profile was monitored at 260 nm, and 15-drop fractions were colAbbreviations: A site, aminoacyl-tRNA site; P site, peptidvl-tRNA site; E site exit site for deacvlated tRNA; Ac-Phe-tRNAPhe, N-acetvl-PhetRNA he; EF, elongation factor; [3H I]Phe and [3H T ]Phe, [3H] phenvlalanine with a low and high specific activitv, respectively (activities are different by a factor of 30). 4213 The publication costs of this article were defrayed in part by page charge payment. This article must therefore be herebv marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. an aliquot was withdrawn, and the numbers of tRNAs and incorporated phenylalanine residues per ribosome were measured. Furthermore, the ribosomal location of the poly(Phe)-tRNAPhe was determined by means of the puromycin reaction. Fig. 1A demonstrates that statistically each ribosome polymerized within 30 min a poly(Phe) chain containing more than 50 phenylalanine residues. At all times about two tRNAs were present on the ribosome. Interestingly, eukaryotic polysomes derived from rabbit reticulocytes were also found to contain two tRNAs per 80S ribosome (8) . For the puromycin reaction two aliquots were withdrawn at the times indicated in Fig. 1B , incubated in the presence and absence of puromycin, and subjected to sucrose gradient analysis. Fig. 1B shows that, at all times tested, 70% or more of the peptidyl-tRNAs were located at the P site, in agreement with a previous observation (9) . We can exclude the possibility that those ribosomes carrying a peptidyl-tRNA at the P site carry in addition an aminoacyl-tRNA at the A site. If so, peptide bond formation would quickly occur (even at 0°C as in the puromycin reaction in our assay system), with the result that the peptidyl-tRNA would be located at the A site. Furthermore, the A site cannot be occupied by a deacylated tRNA. A control experiment showed a pool of two deacylated tRNAs per ribosome (see Materials and Methods). At this stoichiometry deacylated tRNA does not bind to the A site (2), unless addition of stringent factor facilitates the binding of deacylated tRNA to the A site (10 residue at the NH2 terminus. This means that more than 50% of our tightly coupled ribosomes were actively engaged in protein synthesis. (It should be noted that this value is a lower limit, whereas the value of the binding activity, usually 90-100% as derived from both the stoichiometry of tRNA binding and the determination of the site location, can be determined more precisely.) According to the classical A site/P site model, in which the ribosome with a peptidyl-tRNA at the P site carries only one tRNA molecule (see Fig. 2 Left), and even assuming that the 50% of the ribosomes that are inactive each carry two tRNAs, we would expect less than 1.65 tRNAs per ribosome, in striking conflict with the value 2.13 ± 0.064 that we found on average. However, the observed binding of more than two tRNAs per ribosome can be explained as follows: More than 80% of the [14C]tRNAPhe in the experiment of Fig. 1 (i) The translocation reaction transfers the peptidyl-tRNA from A to P site and the deacylated tRNA from P to E site; i.e., the P site is not the release site for deacylated tRNA.
(ii) Binding of aminoacyl-tRNA to the A site lowers the affinity of deacylated tRNA to the E site; i.e., binding of aminoacyl-tRNA triggers the release of deacylated tRNA from the E site. Any deacylated tRNA that is not released upon aminoacyl-tRNA binding will be expelled from the ribosome by the following translocation reaction.
This model predicts that the E site is located upstream adjacent to the P site and that a significant release of deacylated In our experiments, we use the well-known fact that both the deacylated tRNA and peptidyl-tRNA (Ac-Phe-tRNA is a simple analogue of peptidyl-tRNA) bind to the P site when this site is free. Peptidvl-tRNA binds only to the A site when the P site is occupied by cognate deacylated tRNA (7, 11, 12) .
When tRNA release is studied one has to consider the possibility that the tRNA is released from the P site, leaves the ribosome, and rebinds to a free P site of another ribosome. This possibility requires a high affinity of the P site for tRNA, and such a high affinity can in fact be demonstrated with dilution experiments (Fig. 3) . When our standard binding assay mixture is diluted as much as 1:100 at constant ionic conditions the binding of deacylated tRNA to the P site is only slightly affected. In contrast, when the P site is occupied, the binding of the second tRNA is significantly reduced at 1:10 dilution. Therefore, if one studies tRNA release during the translocation reaction all P sites should be occupied by tRNA. This rule is observed in our experiments.
In the first experiment we prevented rebinding to P sites by the addition of an excess (1.25-fold) of Ac-[3H ]Phe-['4C]-tRNAPhe to 70S ribosomes ( Table 1 ). The arrow indicates that we used [3H]phenylalanine with a low specific activity. The puromycin control reaction showed that 84% of the Ac-Phe-tRNAPhe was located at the P site and 16% at the A site, indicating that all the P sites were occupied. That is, 84% of the P sites carried an Ac-Phe-tRNAPhe; the remaining 16% of the P sites obviously carried a deacylated [l4C]tRNAPhe, which was present as a contaminant in our purified Ac-Phe-tRNAPhe preparation. Next, we added [3H T ]Phe-tRNAPhe. The arrow indicates a high specific activity; the specific activity was more than 30 times higher than the specific activity of the prebound Ac-[3H 4 found. The conclusion is inescapable that deacylated tRNA is not released from the P site but is translocated from the P to the E site. The E site is, therefore, located upstream adjacent to the P site.
Aminoacyl-tRNA Binding to the A Site Triggers Release of Deacylated tRNA from the E Site. In the following experiment ( The results presented in this section conclusively show that the binding of an aminoacyl-tRNA to the A site (or the subsequent peptidyltransfer) can trigger the release of a deacylated tRNA from the E site. However, these experiments do not exclude the possibility that deacylated tRNA is released from the E site also during the translocation reaction. At present we interpret our results as follows: Binding of aminoacyl-tRNA to the A site influences the E site allosterically, thereby dramatically reducing its affinity for the bound deacylated tRNA. The result is that most, if not all, of the deacylated tRNA present at the E site falls off this site, the remainder being removed in the course of translocation.
It has been repeatedly reported that EF-G-dependent translocation leads to a release of deacylated tRNA from the P site (13) (14) (15) (16) (17) (18) (19) (20) (21) . However, a closer inspection of the data reveals that many, if not all, of the reported data are in conflict with the predictions of the two-site model. For example, in one case the extent of translocation exceeded the amount of released tRNA, and conditions that allowed just one translocation round (addition of fusidic acid) prevented tRNA release (13) . In other cases, the tRNA release accompanying translocation was negligibly low (15, 16) . These results violate the essential corollary of the two-site model-namely, that the tRNA release is at least as large as the extent of peptidyl-tRNA translocation. In other experiments, the presence of complexes such as poly(U)-70S ribosomedeacylated tRNA is likely (17, 18) . EF-G can release deacylated tRNA from such complexes (14) . However, the latter tRNA release is probably not related to a classical translocation reaction (unpublished data). Finally, identical experiments were repeatedly described in which deacylated tRNA was released upon addition of EF-G (19-21) . However, the tRNA release was accompanied by a release of the message A-U-G-U-U-U. Therefore, in our opinion, such experiments do not represent appropriate model reactions for the analysis of the ribosomal translocation.
What is the need for, or the advantage of, a third tRNA-binding site? If we assume that at least two adjacent codon-anticodon interactions are essential for the proper fixation of the mRNA, and such a fixation is required for both the translocation reaction and the subsequent precise exposure of the Asite codon during the decoding process, then the three-site ribosome is the minimal structure necessary to satisfy these requirements.
